Exocytosis is a highly ordered vesicle trafficking pathway that targets proteins to the plasma membrane for membrane addition or secretion. Research over the years has discovered many proteins that participate at various stages in the mammalian exocytotic pathway. At the early stage of exocytosis, co-atomer proteins and their respective adaptors and GTPases have been shown to play a role in the sorting and incorporation of proteins into secretory vesicles. At the final stage of exocytosis, SNAREs (soluble N-ethylmaleimidesensitive fusion protein attachment protein receptor) and SNARE-associated proteins are believed to mediate the fusion of secretory vesicles at the plasma membrane. There are multiple events that may occur between the budding of secretory vesicles from the Golgi and the fusion of these vesicles at the plasma membrane. The most obvious and best-known event is the transport of secretory vesicles from Golgi to the vicinity of the plasma membrane via microtubules and their associated motors. At the vicinity of the plasma membrane, however, it is not clear how vesicles finally dock and fuse with the plasma membrane. Identification of proteins involved in these events should provide important insights into the mechanisms of this little known stage of the exocytotic pathway. Currently, a protein complex, known as the sec6/8 or the exocyst complex, has been implicated to play a role at this late stage of exocytosis.
Introduction
The exocyst complex was first studied as a participant in the exocytotic pathway whose function precedes the SNARE (soluble N-ethylmaleimide-sensitive fusion protein attachment protein receptor) protein-mediated vesicle fusion process [1, 2] . In mammals, exocyst is a 734 kDa complex composed of eight subunits: sec3, sec5, sec6, sec8, sec10, sec15, exo70 and exo84. The requirement of this complex in the exocytotic pathway has been demonstrated by antibody inhibition, mutant construct overexpression and gene knockdown studies. The introduction of antibodies against the exocyst subunit sec8 into oligodendrocyte, MDCK (Madin-Darby canine kidney) and acinar cells has been found to inhibit plasma membrane protein transport and plasma membrane addition [3] [4] [5] . The knockdown of exocyst subunits sec6, sec8 and exo70, consistently, resulted in a decreased level of type 4 glucose transporter at the plasma membrane in adipocytes [6] . Finally, the overexpression of truncated sec6, sec8 and sec10 subunits lowered insulin secretion in pancreatic β-cells and inhibited neurite outgrowth in nerve growth factor-differentiated PC12 (pheochromocytoma 12) cells [7, 8] . In addition, mice homozygous for sec8 subunit knockout exhibited growth arrest early during development at the induction of gastrulation [9] . Together, these observations indicate that the exocyst function is essen- tial for mammalian development. A potential reason for the indispensability of the exocyst complex may be its involvement in the exocytotic pathway. Now the question is: what are the mechanisms underlying the exocyst function in exocytosis? More specifically, at what stage or stages in the exocytotic pathway is the exocyst function required? Emerging findings seem to suggest that the exocyst complex functions at at least three stages in the exocytotic pathway: at the protein synthesis, vesicle transport and vesicle docking steps. Three models hypothesizing possible mechanisms of exocyst function in the exocytotic pathway are described below and are shown in Figure 1 .
Role of exocyst function in protein synthesis
In this model, the exocyst complex is proposed to play a role in regulating protein synthesis. In support of this model, the overexpression of exocyst subunits sec6 and sec10 has been found to promote the synthesis of a subset of proteins. Specifically, in MDCK cells, the overexpression of sec10 was found to increase the synthesis of basolateral, but not of apical, plasma membrane proteins [10] . In oligodendrocytes, the overexpression of sec8 was found to increase the protein level of a subset of proteins such as myelin basic protein and myelin-associated glycoprotein [3] . Consistently, the knockdown of sec8 decreased the protein level of myelin basic protein. These findings suggest that sec8 and sec10 may play a role in regulating the beginning of exocytosis starting at the protein synthesis process. This proposal is further supported by the in vitro interaction and co-immunoprecipitation of the sec10 subunit with the ER (endoplasmic reticulum) to Golgi where they are sorted for transport to the plasma membrane. Secretory vesicles carrying proteins then exit Golgi and travel to the vicinity of the plasma membrane via microtubules and microtubuleassociated motors. At the end of the microtubule network, secretory vesicles are likely to travel through the actin network via actin-associated motors to reach the plasma membrane where they dock and fuse.
Three models describing possible mechanisms of exocyst function at various stages in the exocytotic pathway are shown here. The stage or stages at which the exocyst is proposed to function in each model is delineated by a black bar. In the first model, exocyst function is proposed to affect protein synthesis and possibly protein sorting. Perturbation of exocyst function would be expected to change the protein composition of various plasma membrane domains. In the second model, exocyst function is proposed to be required for the Golgi-to-plasma membrane transport and/or vesicle docking at the plasma membrane.
Perturbation of exocyst function would be expected to result in the accumulation of secretory vesicles near the trans-Golgi network and/or near the plasma membrane. In the third model, the exocyst complex is proposed to travel with microtubule-associated motors and to be required for vesicle transfer from microtubules to actin and for other yet to be identified events that immediately precede vesicle docking and fusion. Perturbation of exocyst function would be expected to cause the accumulation of secretory vesicles near the plasma membrane since these vesicles would not be available for docking and fusion at the plasma membrane.
translocon protein [11] . In addition, it is interesting to note that sec8 has been found to associate with different adaptor proteins such as PSD-95 (postsynaptic density-95), SAP102 (synapse-associated protein of 102 kDa) and CASK (Ca 2+ /calmodulin-dependent serine protein kinase), which enables it to associate with a variety of receptor proteins on secretory vesicles [3, 12, 13] . These associations bring up the possibility that the exocyst complex may also play a role in the sorting and targeting of various proteins to different plasma membrane domains. In this regard, the overexpression of sec10 subunit promoted protein insertion into the basolateral, but not the apical, plasma membrane domain [10] .
Role of exocyst as a tethering protein for secretory vesicles
In addition, the exocyst complex has also been hypothesized to direct vesicle trafficking by functioning as a tethering molecule to anchor secretory vesicles to specific plasma membrane domains for vesicle fusion. Currently, there are two major models behind this idea. In the first model, the exocyst complex is proposed to be required at both secretory vesicle transport from the trans-Golgi network to the plasma membrane and for vesicle docking/fusion at the plasma membrane. This model is supported by anti-sec6 and -sec8 antibody inhibition studies in MDCK cells [14] . In this cell line, exocyst subunits sec6 and sec8 were found at both Golgi and the plasma membrane. The recycling of these two subunits was inhibited by low temperature and Brefeldin A, which also stopped vesicle trafficking. In addition, the introduction of anti-sec6 and -sec8 antibodies into these cells resulted in the accumulation of proteins at both the transGolgi network and near the plasma membrane. These findings suggest that exocyst subunits are continuously recycling between Golgi and the plasma membrane and that they are required for multiple stages in the exocytotic pathway.
In the second model, the exocyst complex is solely required for the docking of secretory vesicles to the plasma membrane. Total internal reflection fluorescence microscopy studies in adipocytes showed that the overexpression of truncated sec8 and sec10 subunits decreased vesicle docking at the plasma membrane [7] . Vesicle fusion, however, was not affected. This finding is consistent with the phenotype observed in the fruitfly Drosophila melanogaster sec5 knockout mutant in which protein transport from Golgi to the axon was not disrupted, while protein insertion into the plasma membrane was inhibited [15] . Together, these observations support a function for exocyst in confining vesicles to the plasma membrane.
There are two possible mechanisms by which the exocyst complex may mediate vesicle tethering or docking at the plasma membrane. In the first mechanism, the exocyst complex may exist as two subcomplexes. One subcomplex interacts with secretory vesicles, while the other subcomplex is recruited to specific plasma membrane domains. Interaction between these two halves of the complex enables vesicle docking to the plasma membrane. In the second mechanism, the entire exocyst complex may be recruited to the plasma membrane where it mediates vesicle docking. Currently, immunoprecipitation and density gradient studies found that exocyst subunits from neuroendocrine PC12 cells and rat brain co-immunoprecipitated and co-migrated on the glycerol gradient as a single 17 S complex ( [16, 17] ; and S. Wang and S.C. Hsu, unpublished work). All exocyst subunits also co-purified from rat brain lysates. These findings are consistent with biochemical data from yeast in which all exocyst subunits could co-immunoprecipitate with the Myc-tagged sec8 [18, 19] . However, GFP (green fluorescent protein)-tagged exocyst subunit tracking and in vitro protein binding studies in yeast showed that the yeast exocyst complex may exist as two major subcomplexes, with sec3 and exo70 on the plasma membrane and the rest of exocyst subunits associated with secretory vesicles through the sec4 protein [20, 21] . Unfortunately, in mammalian cells the GFP-tagged exocyst subunits did not seem to have the same localization as their endogenous counterpart detected by exocyst subunitspecific monoclonal antibodies [22, 23] . In the future, it would be interesting to see whether perturbation of exocyst complex formation by the knockdown of individual exocyst subunits could enable the identification of potential exocyst subcomplexes in mammalian cells.
Role of exocyst in vesicle transfer at the vicinity of the plasma membrane
Recently, studies on the localization of endogenous exocyst subunits in PC12 and NRK (normal rat kidney) cells bring up the possibility of a third mechanism of exocyst function [8, 23] . Three lines of studies suggest a functional interaction between the exocyst complex and microtubules. First, immunofluorescence microscopy studies using antibodies against individual exocyst subunits showed that all eight exocyst subunits exhibited a microtubule-like localization ( [23] ; and S. Wang and S.C. Hsu, unpublished work). In fact, exocyst subunits were found to co-localize with mitotic spindle pole fibres in dividing cells. Secondly, exocyst subunits coimmunoprecipitated and co-purified with tubulin [8] . Thirdly, the recombinant exocyst complex or exo70 subunit alone could inhibit microtubule formation in vitro [23] . Consistently, the overexpression of exo70 destabilized the microtubule network near the plasma membrane in NRK cells. Now the question is: how could the association of exocyst with microtubules affect vesicle docking at the plasma membrane?
A phenotype consistently observed upon the perturbation of exocyst function is the cytoplasmic accumulation of secretory vesicles. In the fruitfly D. melanogaster, neurons with sec5 knockout exhibited normal protein transport down the axon but showed a greatly decreased protein insertion into the plasma membrane [15] . This defect is not likely to be due to vesicle fusion since the perturbation of exocyst function in adipocytes decreased the number of vesicles at the plasma membrane but did not affect vesicle fusion kinetics [7] . An obvious explanation for these phenotypes is the inability of Golgi-derived vesicles to dock with the plasma membrane. Now, in the light of exocyst and microtubule co-localization observation, it is possible that the exocyst complex may also regulate vesicle release from microtubules to cortical actin for vesicle docking and fusion. In this case, a likely reason for exocyst co-localization with microtubules would be its direct or indirect association with microtubule-associated motors. In this model, the exocyst complex would travel along microtubules from the vicinity of microtubule organizing centre and Golgi to the vicinity of the plasma membrane via microtubule-associated motors. At the end of the microtubule network near the plasma membrane, the exocyst complex would then play a role in mediating and possibly regulating the transfer of vesicles from microtubules to the cortical actin network to allow vesicle docking at the plasma membrane. Inhibition at this step would prevent subsequent vesicle tethering and fusion at the plasma membrane. This hypothesis is consistent with exocyst complex co-localization with mitotic spindle fibres which contain motors but not secretory vesicles [23] . In addition, it could explain, at least in part, why sec5 and sec15 knockout in the fruitfly D. melanogaster inhibited microtubulemediated plasma membrane addition underlying neurite outgrowth but not neurotransmission. Synaptic vesicle recycling in the synaptic terminal involves actin networks but not microtubules.
Currently, it is not clear how many events take place between the transfer of secretory vesicles from microtubules at the vicinity of the plasma membrane to the fusion of these vesicles at the plasma membrane. There is some evidence, however, suggesting that secretory vesicles have to go through both microtubule and actin networks to reach the plasma membrane [24, 25] . In this regard, microtubule-and actinassociated motors have been found on the same secretory vesicle. In fact, there is even a hybrid motor composed of both microtubule-associated kinesin and the actin-based myosin motors [26] . Individual exocyst subunits may play a different role, albeit in a co-ordinated manner, in various events at this late stage of exocytosis. On the basis of the observed phenotype of exo70 overexpression in NRK cells, a potential role for exo70 may be to destabilize microtubules to allow vesicle transfer from microtubules to the actin network. A localized destabilization of microtubules has been shown to promote localized plasma membrane addition in the axon of hippocampal neurons [27] . Consistently, it was also reported that the overexpression of exo70 truncation mutant inhibited AMPA (α-amino-3-hydroxy-5-methylisoxazole-4-propionic acid) receptor transport from the dendrite into the actin-rich dendritic spine [28] . The overexpression of sec8 truncation mutant containing a C-terminal PDZ domain, on the other hand, inhibited the cell-surface expression of AMPA receptor in the dendritic spine [28] . Thus identifying the role of individual exocyst subunits in exocytosis should contribute to the elucidation of the overall mechanisms of the exocyst function in this pathway.
In conclusion, exocyst is a large protein complex essential for mammalian development. Its ubiquitous expression and requirement for exocytosis in all cell types studied so far suggest that it is likely to be a core component of the exocytotic machinery. Likewise, the multiple molecular interactions, phenotypes and localization associated with this complex implicate its involvement at multiple stages in exocytosis. In addition, various exocyst subunits have been found to interact with members of the small GTPase families such as Ral, Rho, Cdc42 (cell division cycle 42) and TC10 [2] . These associations suggest that the function of the exocyst complex may be highly regulated by signalling molecules. In fact, the interaction of exocyst subunits with these GTPases has been implicated to play a role in regulating glucose uptake by adipocytes in response to insulin [29] and in promoting neuronal branching in response to laminin [30] . Thus defining the mechanisms of exocyst function would not only identify new events in the exocytotic pathway but would also provide important insights into the regulation of exocytosis by cell signalling pathways.
